Homozygous transgenic knockout mice without -opioid receptors lack morphine-induced antinociception
The -opioid receptor ( OR) is a seven-transmembrane domain, G protein-linked receptor that is a key member (Wang et al. 1993) , along with the enkephalinpreferring ␦ (Kieffer et al. 1992 ) and dynorphin-preferring receptors (Minami et al. 1993) , of the constellation of brain receptors that recognize morphine and other opiate drugs (Uhl et al. 1994) . Pharmacologic approaches have suggested that the receptor, for which morphine has the highest affinity (Pasternak 1993) , also serves as a principal site for morphine actions in inducing behavioral reward (Di Chiara and North 1992; Wise 1996) , locomotion (Stevens et al. 1986 ), analgesia (Porreca and Burks 1993) , tolerance (Aghajanian 1978) , and physical dependence (Johnson and Fleming 1989) . Neurons expressing receptors are found at many different levels of the neuraxis (Moriwaki et al. 1996) . Many of these localizations can be correlated with some of the multiple actions of opiate drugs (Behbehani 1995) .
Recent successes in developing transgenic knockout mice with receptor gene deletions (Matthes et al. 1996; Sora et al. 1997b; Tian et al. 1997; Loh et al. 1998) allow studies of morphine effects in animals that possess two, one, or no copies of the receptor gene. Heterozygous mice express half-normal levels of receptor expression in Scatchard analyses of -ol] enkephalin (DAMGO) binding to whole brain and in immunohistochemical analyses of receptor immunoreactivity in spinal cord and several other examined brain regions that included sections through striatum and locus coeruleus (Sora et al. 1997b ; I.S., R. Revay, and G.R.U., unpublished data). Homozygous knockout mice display no detectable receptor binding or immunoreactivity, although they contain near-normal complements of ␦ and receptors and of the mRNAs encoding these receptors, preproenkephalin, preprodynorphin, and preproopiomelanocortin (Matthes et al. 1996; Sora et al. 1997b) . [ 35 S]guanosine-5'-O -(3-thio)triphosphate (GTP ␥ S) binding stimulated by endomorphin-1, endomorphin-2 or the synthetic selective -opioid receptor agonist DAMGO is reduced by approximately half in whole brain, brainstem or spinal cord of heterozygous mice and virtually eliminated in homozygous knockout mice Mizoguchi et al. 1999) . Homozygous receptor knockout mice are virtually devoid of the robust morphine-induced analgesia, physical dependence and reward that can be found in wild-type mice (Matthes et al. 1996; Sora et al. 1997b ). This data supports near total -receptor dependence of these processes. However, it provides no information about influences of partial receptor depletions.
"Receptor reserve" is a concept that arose from inactivation experiments that examined the effects of eliminating various fractions of the available receptor pool. If, after inactivating some receptors, concentrationresponse curves display full efficacy with no depression of the maximal responses, receptor reserve is present (Chavkin and Goldstein 1984; Adams et al. 1990; Zernig et al. 1995) . This phenomenon is also cited as evidence for "spare receptors" (Furchgott 1967; Ruffolo 1982; Kenakin 1984) .
We now report studies on morphine responses in tests of reward, locomotion, lethality, tolerance, and physical dependence in mice expressing normal, halfnormal, and absent receptor complements. We compare these data to work on analgesic responses obtained in the same lines of knockout mice (Sora et al. , 1997a Kitanaka et al. 1998; Fuchs et al. 1999; Qiu et al. 2000; Hosohata et al. 2000) . The data should be interpreted in light of cautions about effects of adaptive mechanisms in these mice. Nevertheless, they provide a basis for identifying different relationships between receptor densities and acute or chronic morphine effects in some of the multiple neuronal systems whose functions are modulated by opiate drugs.
MATERIALS AND METHODS

Animals
Heterozygote-heterozygote matings of -opioid receptor knockout mice produced most wild-type, heterozygous and homozygous knockout animals on F2 and F3 C57/129 backgrounds that were identified by genotyping using Southern analyses as described (Sora et al. 1997b) . For some experiments seeking influences of genetic background, progeny of eight-generation C57BL/ 6 backcross -opioid receptor congenic knockout mice, termed MUBX mice, were used. MUBX mice were derived by eight generations of successive backcrosses of heterozygous male knockout mice with C57BL/6 females (Jackson Labs). Subsequently, MUBX mice for pharmacological studies were generated by heterozygote crosses. Mice were housed at 24 Њ C/50% relative humidity using a 12/12 hr light/dark cycle with lights on at 7:00 A.M. and off at 7:00 P.M. and ad libitum access to food and water under American Association for Laboratory Animal Care guidelines, as described (Sora et al. 1997b ). Mice tested for each experiment in the morning, and an additional afternoon session added for place preference conditioning. Knockouts were compared to littermate controls to maintain identical average genetic backgrounds.
Locomotor Activity
Locomotor activity was assessed as total distance traveled. Distance was calculated from measurement of the number of beam breaks by mice placed individually in 46 ϫ 25 ϫ 19 cm clear plastic cages, to which the mice had not been previously exposed, in Optovarimex activity monitors (Columbus Instruments, Columbus, OH) under dim light, sound-attenuated conditions. Distance traveled was monitored for 1 hr, mice were injected with 10 mg/kg morphine hydrochloride, and distance traveled was monitored for an additional 3 hr (Miner and Marley 1995) .
Conditioned Place Preference
Reward was assessed by conditioned place preference testing using a two compartment Plexiglas chamber . One compartment (18 ϫ 18 ϫ 18 cm) had a wire mesh floor (1.3 cm grids) mounted over Plexiglas. The other compartment (18 ϫ 18 ϫ 18 cm) had corncob bedding on a smooth Plexiglas floor. An 18 ϫ 5 ϫ 1.3 cm platform was flush with the wall dividing two sides, which were separated by a removable Plexiglas wall. For pre-and post-conditioning test sessions, a 5-cm opening in the center wall allowed access to both compartments. During the conditioning sessions the opening was eliminated to restrict animals to a single compartment. Locomotion and time spent in each compartment was recorded using an Optivarimax animal activity monitoring apparatus (Columbus Instruments, Columbus, OH).
Conditioned place preferences were assessed by determination of compartment preference in three phases, as previously described (Suzuki et al. 1993) . Initial preference, usually for the bedding floored compartment, was determined as the side in which a mouse spent more than 600 sec out of a 20-min trial. Conditioning was conducted over a 4-day period in which morphine was administered to the animal when it was confined for 30 min in the initially-nonpreferred compartment and saline administered to the animal when restricted for 30 min to the initially-preferred compartment. Animals received one conditioning session per day, counterbalanced between saline and morphine for a total of two saline pairings and two morphine pairings. Some mice received pretreatments with naloxone (10 mg/kg, s.c.) 10 min. prior to saline or morphine conditioning doses. Conditioned place preference assessments followed the last conditioning session and the last injection by 24 hours. Time spent in the drug-paired compartment was compared to the pre-conditioning values obtained on initial assessments. Dose effect analyses used s.c. morphine sulfate doses of 0, 1, 5, and 10 mg/ kg (C57/129 mixed background) and 10 mg/kg (C57BL/6 congenic background MUBX).
Operant Morphine-Reinforced Behavior
Apparatus. Operant chambers used balanced rocker arm levers that broke infrared photo beams when 0.5 g of force was applied, solenoid systems adapted from Beardsley and Meisch (1981) that delivered 5 l of water, microliter syringe pumps (Harvard 22, South Natick, MA) and stimulus lights controlled by integrated Coulborn environmental control systems with Med Associates interfaces, as previously described (Elmer et al. 1995a) . PCbased system control, data acquisition and data storage used Med Associates software (St. Albans, VT).
Water Training and Surgery
To assess operant morphine self-administration behavior, mice were first trained on a modified progressive ratio schedule for water reinforcement. These data were used to confirm the ability of these mice to respond for a reinforcer and allowed assessments of differences in their abilities to respond to changing response criteria. Mice were water deprived for 24 hr, placed in the operant chamber, allowed access to 50 reinforcements of given 5-10 l of water and a stimulus lights above a spout on an fixed ratio 1 (FR1) schedule, allowed access on a higher fixed ratio requirement (FRX ϩ 1) for 50 trials, and so on. Subjects were run 24 hr/day for four days with free access to food. Mice were then anesthetized using ketamine (80 mg/kg, i.p.) and xylazine (16 mg/kg, i.p.). A 0.012" i.d. silastic catheter was implanted in the right jugular vein, its tip advanced to the atrium, passed subcutaneously so that it exited in the midscapular region, and connected to a tether/swivel system (Instech, Plymouth Meeting, PA) mounted to the skull of the mouse with dental cement (Geristore, DenMat , CA).
Morphine Self-administration Behavior: FR4 Dose-Effect Curve
Some catheterized mice were tested on FR4 schedules of reinforcement for 1.0, 0.3, 0.1, and then 0 mg/kg/inj morphine to determine the presence or absence of morphine-reinforced behaviors, as well as morphine doseeffect functions. One to three days after implantation, mice were placed in operant chambers and allowed access to 1.0, 0.3, 0.1, or 0 mg/kg/injection morphine for 5, 3, 3, and 8 days respectively. Seven-eight mice of each genotype were run on FR4 schedules. Completion of each four responses illuminated an overhead light and a stimulus light above the spout and triggered a 5-8 l morphine injection over 15 sec, followed by a 30 sec time-out period indicated by turning off the overhead and stimulus lights. After each time out, a stimulus light illuminated the lever and signaled morphine availability. Mice were run 24 hr/day with free access to food and water on a12 hr light/dark cycle.
Morphine Self-administration Behavior: Progressive Ratio (PR) Performance
Some catheterized mice were begun on a FR4 schedule and than changed to a progressive ratio schedule of morphine reinforcement using 1.0 mg/kg morphine per injection. These data were used to seek differences in morphine's efficacy in maintaining self-administration behavior. In this group of 68 mice of each genotype, mice were given access to 1.0 mg/kg morphine per injection for seven days on an FR4 schedule of reinforcement as described above, then placed on a progressive ratio schedule. Completion of each ratio resulted in an increase in the ratio required to obtain the next reinforcement. A stimulus light illuminating the lever signaled morphine availability The ratio requirements were 1, 3, 5, 7, 9, 12, 15, 18, 23, 8, 33, 41, 49, 57, 70, 83, 96, 117, 138, 156, 200, 225, 275, 300, 325, 350, 375, 425, 475, 525, and 600 (Roberts and Bennett 1993) . Animals remained in the operant chamber for the duration of the experiments, where they were run 12 hr/day (20:00-08:00 hr) with free access to food and water and maintained on a 12-hr light dark cycle.
Morphine Antinociceptive Tolerance Testing
For hot-plate antinociception testing, mice were placed on a 55 Њ C hot-plate and latency to hind-paw lick or jumping recorded with a 30 sec cutoff time in a standard hotplate paradigm (Dewey et al. 1969; Sora et al. 1997b ). For tail-flick testing, mice were loosely wrapped in an adsorbent towel and their tails immersed approximately 2 cm into water heated to 53 Њ C as previously described (Dewey et al. 1969; Sora et al. 1997b ). The time after immersion at which the tail-flick response was recorded, with a cutoff time of 15 sec.
An ascending-dose cumulative dose-effect regimen was used, as described and as previously used with these and other transgenic mice (Elmer et al. 1995b) . Morphine effects were assessed in naïve wild-type mice injected s.c. at 20-min intervals with an ascending cumulative dosing regimen that produced total drug doses of 3, 10, 30, and 56 mg/kg morphine. Higher cumulative doses were employed for tolerant and for heterozygote mice. Hot-plate and tail-flick responses were tested 20 min after each subcutaneous injection, and the next dose administered (Sora et al. 1997b ). To induce tolerance and physical dependence, morphine was administered s.c. daily at 9 a.m. and 6 p.m. for 3, 5, or 7 days with doses ascending from 15 mg/kg by 5 mg/kg increments. Tolerance to morphine-induced antinociception was assessed 18 hr after the final morphine pretreatment by assessing the influences of acute s.c. injections with saline and then an ascending cumulative dosing regimen producing total drug doses of 10, 30, 56, and 100 mg/kg morphine using injections spaced 20 min apart. Hot-plate and tail-flick responses were tested 20 min after each subcutaneous injection, and the next dose then administered.
Physical Dependence
Morphine was administered s.c. daily at 9 a.m. and 6 p.m. for 3, 5, or 7 days, using a dose regimen ascending from 15 mg/kg by 5 mg/kg increments. Withdrawal was precipitated by administration of naloxone (1 mg/ kg, s.c.) 2 hr after antinociceptive tolerance testing undertaken after cumulative dosing with 10, 30, 56, or 100 mg/kg morphine. Mice were placed into a novel Plexiglas chamber and naloxone-precipitated jumps counted over 15 min intervals by a blinded observer as described (Funada et al. 1994 ).
Morphine Lethality
Mice were observed for two hours following a single subcutaneous dose of 400, 500, 600, 650, 750, or 1000 mg/kg morphine sulfate. The latency to lethality was measured for each mouse that died, and the percent mortality for each genotype calculated. Three or four doses of morphine with 7-20 mice per dose in each genotype were used for each LD 50 determination.
Drugs
All drugs were dissolved in saline and administered s.c. in a volume of 1.0 ml/kg. Naloxone (chloride) was purchased from Research Biochemical International, Inc (Natick, MA). Morphine (sulfate) was supplied by NIDA's Drug Supply Program.
Statistical Analyses
"Percent conditioned place preference" scores represent 100 ϫ the ratio between the time spent in the environment paired with morphine in pre-and post-conditioning test sessions divided by the time spent in non-preferred environment before the training sessions: 100 ϫ {[(time spent in post-conditioning) Ϫ (time spent in pre-conditioning)]/time spent in pre-conditioning]}. Self-administration: Genotype-dependent differences in water-reinforced behavior were analyzed using a two way (genotype ϫ day) repeated-measures analysis of variance (ANOVA) with the number of reinforcements obtained across days as the dependent variable. Differences in fixed-ratio performance were analyzed using a two-way (genotype ϫ dose) repeated-measures ANOVA using the number of lever presses and drug-intake as dependent variables.
Differences in progressive-ratio performance were analyzed using a two-way repeated-measures ANOVA (genotype ϫ reinforcement schedule) with the number of reinforcements as the dependent variable. Percent maximal antinociception represents 100 ϫ the ratio between the increased latency to paw lick in the morphine test condition over baseline values and the difference between the cutoff time and the baseline latency determined for each mouse: 100 ϫ {[(latency to paw lick or tail flick after morphine) -(latency to paw lick or tail flick at baseline)]/[(cutoff time) -(baseline latency)]}. The cutoff time was 30 sec in hot-plate and 15 sec in tailflick tests. ED 50 values were calculated by linear regression of the ascending portions of dose effect curves. The relative potencies (RPs) were determined by dividing individual pretreatment ED 50 values by post-treatment ED 50 values. Most statistical comparisons were made using the Statistical Package for Social Science (SPSS Inc., Chicago, IL). Antinociceptive test data and the time intervals between morphine injection and lethality were analyzed by ANOVA following by Scheffe posthoc analyses. Data for conditioned place preferences was analyzed using parametric and by nonparametric Kruskal-Wallis One-way ANOVAs followed by Mann-Whitney-Wilcoxon rank sum testing. Naloxone-induced jumping was analyzed by Mann-Whitney-Wilcoxon rank sum testing. Data are presented as a mean Ϯ SEM in each of the experimental groups.
RESULTS
Morphine-Induced Locomotion
Homozygous and heterozygous knockout mice displayed exploratory behavior similar to wild-type mice during a one hour habituation period ( Figure 1A ) (n ϭ 6, 10, and 8, respectively). Morphine (10 mg/kg, s.c.) increased locomotion in well-habituated wild-type mice. However, homozygous knockout mice displayed no significant morphine-induced increase in locomotion when studied 1, 2, or 3 hr following morphine ( Figure  1B ; ANOVA followed by Scheffe post-hoc analysis: F[2,21] ϭ 5.6, p Ͻ .05, F[2,21] ϭ 6.0, p Ͻ .05 and F[2, 21] ϭ 3.6, p Ͻ .05 compared to wild-type controls, respectively). Morphine-induced locomotor activity in heterozygous mice was half that induced in wild-type control mice. Morphine-induced locomotion was thus gene-dose dependent. Interestingly, peak locomotor activity levels appeared to persist longer in wild-type than in heterozygous knockout mice ( Figure 1B ).
Morphine-Induced Reward
Conditioned Place Preference. Mixed C57/129 wildtype mice displaying full receptor expression showed morphine conditioning (Figure 2A ) (overall KruskalWallis one-way ANOVA by morphine dose, n ϭ 44, 2 ϭ 9.9, p Ͻ .05) that was significant at 10 mg/kg (p Ͻ .05 vs. saline control), but not 5 or 1 mg/kg doses. Preference for the place paired with 10 mg/kg morphine differed significantly among the studied genotypes (Figure 2A ; Kruskal-Wallis one-way ANOVA by genotype, n ϭ 37, 2 ϭ 7.5, p Ͻ .05). Preference for environments paired with 10 mg/kg morphine was eliminated in homozygous knockout transgenic mice, whether on mixed C57/129 (Figure 2A) or MUBX C57BL/6 backcrossed genetic backgrounds ( Figure 2B ; Kruskal-Wallis one-way ANOVA by genotype: C57/129 n ϭ 46, 2 ϭ 10.8, p Ͻ .01; MUBX C57BL/6 n ϭ 46, 2 ϭ 9.4 , p Ͻ .01). Significant conditioning was observed in heterozygous C57/129 background mice at 5 and 10 mg/kg morphine doses (Figure 2A ; p Ͻ .05 and .01 vs. saline controls, respectively), whereas 1 mg/kg morphine induced a trend toward place preference (p ϭ .08 vs. saline controls). Heterozygous knockout mice on the Figure 1A . Spontaneous locomotion during habituation to a novel environment in wild-type, heterozygous, and homozygous -opioid receptor knockout mice. Locomotor activities of wild-type (ϩ/ϩ, open circles), heterozygous (ϩ/Ϫ, closed circles), and homozygous (Ϫ/Ϫ, closed rectangles) -opioid receptor knockout mice (C57/129 background) were recorded for one hour in an activity monitor cage to which the mice had not been previously exposed. Values reflect distances traveled over 10-minute periods, in meters. No difference among genotypes reached statistical significance. Figure 1B . Attenuated morphine-induced locomotion in -opioid receptor knockout mice. Morphine (10 mg/kg, s.c.) injection increased locomotion in wild-type mice. The homozygous -opioid receptor knockout mice (C57/129 background) did not show any significant morphineinduced increase in locomotion when compared to wildtype control mice after 1, 2, and 3 hr morphine treatment. The heterozygous mice displayed significantly reduced morphine-induced locomotion when compared to wild-type control mice studied 2 hr after morphine administration (bar heights reflect distance traveled over a one hour period in meters; * p Ͻ .05 vs. wild-type group). These values can be compared to those of the end of the habituation period described in Figure 1A , basal level of locomotion without morphine, with attention to differences in scales. C57/129 mixed background displayed almost double the preference for the compartments paired with 5 and 10 mg/kg morphine, when compared to wild-type mice in two replicate experiments (Figure 2A ; Kruskal-Wallis One-way ANOVA by morphine dose, n ϭ 49, 2 ϭ 8.7, p Ͻ .05). However, this result was also accompanied by high individual-to-individual variability. In attempts to seek sources of this variability, we tested two additional groups of heterozygous knockout mice on MUBX C57BL/6 backgrounds. One group displayed a strong trend toward enhanced morphine conditioning at the 10 mg/kg dose, but the second group displayed no such trend. Overall, this high variability left the results in MUBX heterozygotes not different from wild-type C57BL/6 mice. No mice that received saline in conditioning sessions exhibited significant alterations in preference for either test compartment. Naloxone pretreatments attenuated preferences induced by 10 mg/kg morphine in both mixed-background wild-type and heterozygous mice ( Figure 2C ; p Ͻ .01 vs. morphine injected group, eight mice per genotype, Mann-WhitneyWilcoxon rank sum test).
Intravenous Self-Administration
Water training. Mice of each genotype successfully learned to lever press for water reinforcement so that there were no significant differences between genotypes in the rates of acquiring lever pressing behaviors (data not shown).
Morphine Self-Administration Behavior: Fixed Ratio Four Dose-Effect Curve Lever pressing for morphine on the FR4 schedule varied as a function of genotype and dose ( Figure 3A) . Effects of dose and genotype x dose interactions were significant: Dose (F[3,60] ϭ 6.8, p Ͻ .005); Genotype ϫ Dose F[6,60] ϭ 2.4, p Ͻ .04. There was significant dose-related change in lever pressing behavior in the wild-type mice (F[3,21] ϭ 5.1, p Ͻ .008) and a marginally significant dose related change in heterozygotes (F[3,18] ϭ 2.2, p Ͻ .06). Morphine maintained significantly greater behavior than saline at the 0.1 mg/kg/inj dose in the wild-type and heterozygous genotypes. Drug intake (mg/kg) was highest at 1.0 mg/kg/injection (18.1, 13.1, and 12.1 mg/kg in the wild-type, heterozygous and knockout mice, respectively) and lowest at the 0.1 mg/kg/injection dose (3.6, 1.6, and 1.3 mg/kg in the wild-type, heterozygous and homozygous knockout mice, respectively). At all doses, drug-intake was greatest in wild-type mice. Figure 3B contrasts the number of 1.0 mg/kg morphine reinforcements received during the first seven days of FR4 self-administration with the reinforcements received during the next seven days progressive ratio schedule access in wild-type and heterozygous mice. There was a significant effect of schedule (FR vs 
Morphine Self-Administration Behavior: PR Performance
Antinociceptive Tolerance with Chronic Morphine Treatment
Cumulative dose-response curves for morphine-induced antinociceptive responses in hot-plate and tail-flick tests before and after chronic morphine pretreatments are illustrated in Figure 4 . Subcutaneous injection of morphine produced dose-related antinociception in 55ЊC hot-plate and 53ЊC tail-flick tests in wild-type (n ϭ 31) and heterozygous animals on mixed C57/129 backgrounds (n ϭ 32). Tolerance to this antinociceptive effect was studied after chronic twice-daily 3, 5, or 7 day morphine pretreatments using dose regimens ascending from 15 mg/kg by 5 mg/kg increments. Scheffe post-hoc tests demonstrated that the fraction maximal antinociception induced by morphine was higher in both naïve wild-type and heterozygous knockout mice than it was in mice pretreated with five or seven days of morphine (p Ͻ .05), with data from hot-plate tests using 56 mg/kg morphine in heterozygous mice providing the only exception. The relative morphine potencies in tail-flick and hot-plate assay were similar in wild-type and heterozygous mice (Table 1) .
Physical Dependence Revealed by Naloxone-Precipitated Abstinence After Chronic Morphine Treatments
Development of physical dependence was studied after twice-daily morphine treatments for 3, 5, or 7 days with a dose regimen ascending from 15 mg/kg by 5 mg/kg daily increments. When withdrawal was precipitated by naloxone in mice pretreated with morphine for five or seven days, the amount of precipitated jumping did not differ between wild-type (n ϭ 22) and heterozygous knockout animals on mixed C57/129 backgrounds (n ϭ 21) ( Figure 5 ). Heterozygous animals tested after 3 days' morphine treatments revealed trends toward a greater number of precipitated withdrawal signs than those found in wild-type mice (n ϭ 10 and 9, respectively) that did not reach statistical significance (p ϭ .08, Mann-Whitney-Wilcoxon rank sum test). Homozygous knockout mice tested after 5 days' morphine treatments showed no naloxone-precipitated jumping (n ϭ 7).
Morphine Lethality
Lethality was universal among animals of each of the three mixed-background genotypes that received 1000 mg/kg morphine ( Figure 6A ). Morphine caused convulsions prior to death in most mice regardless of genotype. There was a gene-dose-dependent shift to the right in LD 50 values. These values were approximately 500 mg/kg for wild-type (n ϭ 47), 600 mg/kg for heterozygotes (n ϭ 60), and 700 mg/kg for homozygous knockout mice (n ϭ 24). 750 mg/kg of morphine, a dose lethal to all wild-type littermates, spared 25% of the homozygous knockout mice. Heterozygous animals administered 650 mg/kg morphine showed significantly longer latencies before morphine was lethal than wildtype mice ( Figure 6B ; ANOVA followed by Scheffe post-hoc analysis: F[2,24] ϭ 10.8, p Ͻ .05 ). The mean latencies prior to lethality at 750 and 1000 mg/kg were not increased significantly in a gene dose-related fashion, however.
DISCUSSION
These studies of morphine effects in homozygous receptor knockout mice provide additional support for the receptor dependence of several of the morphine effects assessed here. Results from heterozygotes indicate differences in apparent receptor reserve manifest in circuits producing -dependent effects that include reward, locomotion, antinociception, lethality, tolerance, and physical dependence. Interpretation of each observation should also be tempered by considerations of the other neuroadaptive alterations that partial or total receptor deletion cause in these mice during their development and adulthood. Heterozygous mice express virtually half, 56%, of wild-type levels of receptor B max values when studied by radioligand binding saturation analyses (Sora et al. 1997b ). In reverse transcriptase-polymerase chain reaction (RT-PCR) analysis, receptor mRNA levels are reduced by at least 50% in heterozygous mice, and are undetectable in homozygotes (I.S. and G.R.U., unpublished observations). These observations contrast with failure to identify any other striking alterations in ␦ receptors, receptors, or expression of preproenkephalin or preprodynorphin mRNAs (I.S. and G.R.U., unpublished observations). The animals do display adaptive alterations in the expression of a number of other genes (Liu et al, 1999) . However, only Ͻ 0.5% of the genes whose expression can be detected at above-background levels are up-or down-regulated more than 2-fold in these mice on C57/129 mixed genetic backgrounds.
Morphine's interactions with differentially-distributed , ␦, and -opioid receptor populations expressed in different neuronal circuits have been classically invoked to explain different morphine effects. Morphine's lethality in the homozygous knockout mice that lack morphine analgesia (Sora et al. 1997b ) could be mediated by the intact ␦ and/or receptor populations found in these animals, or through other mechanisms. The modest alterations in morphine LD 50 values induced by removing one receptor gene copy and the greater increase in LD 50 values in animals with no receptor gene copies are both consistent with the idea that morphine's occupancy of receptors contributes modestly to moderately to morphine lethality in wild-type mice. No differences in the modes of lethality are apparent. Mice of each genotype died with the cyanosis and poor inspiratory efforts that indicate respiratory depression, accompanied by terminal tonic/clonic epileptiform activities (Brase et al. 1977) . Although morphine lethality has been reported to be unchanged in naloxone-treated mice (Pasternak 1981) , lethality in homozygous knockout mice could still be caused by opiate-receptor-mediated effects of this alkaloid.
Morphine LD 50 values for wild-type mice, 500 mg/ kg, are similar to those reported for other strains of mice. LD 50 values for heterozygous and homozygous receptor knockout mice reported from other laboratories (Loh et al. 1998 ) were higher than LD 50 values from the current work. Subtle differences in testing or differences in genetic backgrounds or testing procedures [129/Ola (Loh et al. 1998 ) vs. 129SvEv (Sora et al. 1997b ] may explain these differences. Other work does support the idea that opioid receptors play only a modest role in morphine lethality. Differences in genetic background and/or testing conditions could also contribute to the modest differences between our locomotor data and that of Tian and coworkers (Tian et al. 1997) . These investigators reported reduced baseline spontaneous horizontal activity in knockout homozy- gous mice developed on a mixed genetic background. We did not observe such differences in our mice with the mixed C57/129 genetic background.
Morphine interactions with , ␦, and -opioid receptor populations expressed in different neuronal circuits have been classically invoked to explain varying morphine pharmacologic effects. Morphine-induced reward, locomotion, thermal antinociceptive tolerance and physical dependence are each virtually ablated in homozygous receptor knockout mice and are thus strikingly receptor dependent. Even such strikingly receptor dependent effects, however, are likely to involve distinct brain circuits (Behbehani 1995) . These circuits contain distinct neuronal populations that express differing densities of receptors (Moriwaki et al. 1996) , the Gi and Go class guanine nucleotide binding proteins activated by agonist-occupied receptors (Reisine et al. 1996) , opiate-modulated second messenger systems (Childers 1993) , opiate-modulated potassium (Kovoor et al. 1995) and calcium channels (North 1993) , and other effector systems. Differences in the relationships between receptor densities and the relative compositions and densities of these other cellular effector proteins could result in circuit-to-circuit differences in the consequences of the heterozygotes' failure to express normal complements of receptors. Such biochemical differences could result in different patterns of receptor reserve even for these highly dependent morphine effects. Gene-dose effects, manifest in different ways in the heterozygous knockout mice tested here, do appear to suggest that distinct brain circuits that provide different morphine effects may well display different levels of receptor reserve.
If morphine dose-response relationships are shifted right-and downward in heterozygotes, little receptor reserve is evident. These sorts of relationships have been established for heterozygote responses for morphine analgesia, and for morphine-induced locomotor activity stimulation [(Matthes et al. 1996; Sora et al. 1997b) , and current data]. Right-and downward shifts in analgesia dose response curves are substantial for heterozygotes and profound for homozygotes. Fixed ratio (FR4) morphine self-administration exhibits a profoundly-downward shifted dose-effect relationship in heterozygotes, consistent with little receptor reserve. Since significant dose-related changes in behavior maintained by morphine injections were still evident in the heterozygous mice, some receptor reserve is evident for both these phenotypes. In fact, if the self-administration data are compared as a percent of the saline response rate, the difference between the heterozygotes and the wild-type mice is approximately 20-30% whereas the difference between these genotypes is much greater in the acute analgesic assay. A quantitative comparison of the receptor reserve difference between phenotypes in this study is difficult given nociceptive stimulus intensity considerations and single point (50% reduction in the heterozygotes) characterizations. However, a previous study using the method of partial irreversible antagonism also suggests a greater receptor reserve for opioid self-administration than opioidinduced analgesia (Zernig et al. 1997) .
Circuits in which receptors mediate morphine effects with significant receptor reserves might allow full morphine effects with loss of even half of the receptor levels found in wild-type mice. Neither morphineinduced tolerance nor the level of physical dependence ultimately attained is significantly affected by the reduced receptor densities found in heterozygotes, although there is a slight trend for slower acquisition of full physical dependence evident in the day 3 precipitated abstinence data. Both of these phenomena are absent from homozygous knockout mice, however. Morphine conditioned place preference also suggests significant receptor reserves in mice of mixed C57/129 genetic background, though less consistent reserve in the C57 backcrossed congenic animals. Reductions in the numbers of morphine reinforcements received by heterozygous mice on fixed ratio and progressive ratio schedules are both less than 50% compared to wildtype values. The combined data is consistent with the idea that receptor densities and levels of expression of other proteins whose levels could differ between mouse strains could contribute to varying amounts of receptor reserve for different rewarding processes.
Naloxone-precipitated jumping occurs at identical frequencies in heterozygote and wild-type mice tested after five-or seven-day morphine treatments. These observations support a substantial receptor reserve for this robust murine measure of morphine physical dependence. The modest differences in jumping that can be precipitated by naloxone on the third day of morphine treatments in wild-type and heterozygous mice do not reach statistical significance. They do leave open the possibility that the receptor reserve for tolerance might not be much larger than 50%. Morphine-induced tolerance is manifest by down-and rightward shifts in morphine antinociceptive dose-response relationships in both wild-type and heterozygous mice pretreated with multiday morphine regimens. Since heterozygotes display less morphine analgesia without pretreatments than do wild-type mice, the magnitude of the right-and downward shifts in dose-effect relationships assessed in heterozygotes after several days' morphine pretreatment are smaller than those in wild-type mice. However, the fractional reductions in morphine's antinociceptive efficacies are similar in tests performed after five days' morphine pretreatment in mice of both genotypes, as the relative potencies in both tail-flick and hot-plate assay did not differ between wild-type and heterozygous mice. These data thus appear to provide evidence for substantial receptor reserves in the brain mechanisms that contribute to morphine tolerance in nociceptive testing.
receptor reserves, and cell-to-cell differences in receptor reserves, have been identified in in vitro studies in which pharmacological treatments inactivating varying receptor populations can lead to dramatic reductions in some morphine effects while sparing others (Chavkin and Goldstein 1984) . The data from these knockout mice can thus be compared to data from mice pretreated in vivo with alkylating agents that can inactivate receptors with varying degrees of selectivity. Pretreatments with 2.5 g of ␤-funaltrexamine (␤-FNA) shifted morphine and levorphanol dose-effect curves to the right, while higher doses of 5.0 g also reduced the maximum agonist effects (Adams et al. 1990 ). Tolerance to the analgesic effects of opioid receptor agonists can vary with the intrinsic activities both of the drug used to induce the tolerance and the drug whose analgesic actions are assessed (Paronis and Holtzman 1992) . However, with the exception of these studies, receptor reserve has had little prior direct experimental support in intact animals. Studies of knockout mice with varying levels of receptor expression now allow tentative in vivo identification of differences between receptor reserve for morphine's actions at one receptorexpressing circuit compared to those at another circuit.
No identified receptor deficient humans allow assessments of opiate drug effects in totally receptordeleted individuals. However, significant human interindividual differences in the levels of expression of receptors are well documented in postmortem (Paronis and Holtzman 1992; Gabilondo et al. 1995) and in vivo positron emission tomographic studies of receptor densities (Frost et al. 1990 ). Heterozygous mice with half of wild-type receptor densities provide a potential model for the ways in which different levels of receptor expression could influence opiate drug responses in humans. Our present results may have implications for morphine effects in human individuals who might express, for example, subnormal complements of receptors. If humans behave in fashions similar to those of these mice, individual differences in receptor expression levels could lead to significant inter-individual differences in effective analgesic opiate doses in the absence of substantial receptor reserve in such circuits, with less difference in the abilities of opiates to produce tolerance and physical dependence. Each of these considerations suggests that pain might be more difficult to treat with agonists in humans with fewer receptors.
Although concepts of receptor reserve have largely been developed using in vitro assays in which response strength is assessed in preparations in which previousexisting receptors have been inactivated, the current data suggests substantial circuit to circuit differences in this process in vivo. These considerations could be of importance for design of therapeutic regimens that might minimize addictive and maximize analgesic properties of opiate therapeutics.
